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Yb3* doped BaGd,ZnOs phosphor was synthesized via sol-gel method. X-ray diffraction, scanning elec-
tron microscopy and photoluminescence spectra were employed to characterize the as-obtained prod-
ucts. Upon 274 nm excitation, a single strong narrow-band emission from 2Fs; — ?F7, of Yb*" ion
around 977 nm was obtained in Yb®>" doped BaGd,ZnOs phosphor, which was well suited to efficient
absorption in a silicon solar cell. After adding Ce>* into Yb3**-doped BaGd,ZnOs, the excitation spectra
of samples monitored at 977 nm indicated that the excitation peaks were in the broad range from
230 nm to 400 nm, which covered ultraviolet and blue light with poor solar cell spectral response.
Furthermore, Er>* was introduced into Yb**-doped BaGd,ZnOs phosphor to prove the high energy transfer
efficiency from Gd3* ion to Yb3* ion by comparing it with that of Er** ion to Yb®* ion. With access to
broad-band absorption, narrow-band emission as well as high energy transfer efficiency, Ce3*, Yb3*
-codoped BaGd,ZnOs may have potential applications in modifying the solar spectrum to enhance the
efficiency of silicon solar cells.

Keywords:

Broad-band absorption
Narrow-band emission
Energy transfer

Solar cells

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The conversion from sunlight to electricity using solar cell
devices represents a promising approach to green and renewable
energy generation. Spectral mismatch between the photon energy
of incident solar radiation and the semiconductor bandgap is an
important limiting factor for the solar cell conversion efficiency
[1-3]. Trupke [4] proposed an effective method to improve solar
cell efficiencies by down-conversion (DC) of high-energy photons,
which adapted the solar spectrum to split one higher energy pho-
ton to two photons with a smaller energy (usually near-infrared
(NIR) photons), and these photons can be absorbed subsequently
by the solar cell and generate an electron-hole pair. Richards [5]
has predicted that DC in conjunction with a silicon solar cell can
achieve a conversion efficiency up to 38.6%. Rare-earth (RE) doped
DC luminescent materials are extensively used in the lighting
industry, as well as in the fabrication of cathode ray tubes (CRT),
plasma display panel (PDP), and white-light emitting diodes
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(W-LED) technologies [6-14]. The motivation for using rare-earths
is that their luminescence covers a wide range, from the near-
infrared (NIR), through the visible (VIS) to the ultraviolet (UV).
Recently, RE ions doped DC luminescent materials, such as Er**-
Yb** [15-18], Ho**-Yb3* [19-20], Tm**-Yb3* [21-22], Nd**-Yb**
[23], Dy?*-Yb3* [24], and Tb**-Yb>* [25-28] are used in solar cells
to improve solar energy conversion efficiencies. However, their
optical transitions involve 4f orbits, which are well shielded from
their local environment by the outer completely-filled 5s% and
5p° orbits, so the emission from the RE ions is line-like. Transitions
between different f levels are parity forbidden, and hence the
absorption coefficients are low (typically a few cm™') and the
lifetime is long [29]. It is well known that the internal quantum
efficiency (IQE) can be up to approximately 200% [17,30] in RE ions
doped DC luminescent materials. In practice, the external quantum
efficiency (EQE) is much less than 100% due to low absorption
coefficients of rare earths. Furthermore, narrow-band absorption
leads to only a small part of solar energy that can be converted into
electricity. The pathway to decrease the population of high energy
levels is not unique, which results in low EQE, too.

There is another approach to improve solar cell efficiencies by
down-shifting (shifting one short wavelength photon into a long
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wavelength photon which can be better accepted by the solar cell),
which is one of the DC. Furthermore, the DC also includes quantum
cutting which refers to transferring one high energy photon into
two or more low energy photons. In contrast with DC, a solar cell
with a down-shifting material does not have a larger limiting
efficiency than a single junction solar cell. The concept can, how-
ever, be useful for industrial type solar cells which have a poor blue
response, by shifting the spectrum towards wavelengths with a
higher IQE. One important reason why down-shifting materials
can be used for solar cells is its broad absorption band, which leads
to higher EQE. What is exciting is that the absorption transition of
Ce3* and Eu?* allows electric dipole transition from 4f ground state
to 5d excited state with a very high absorption cross section in an
order of 107'8 cm? in ultraviolet(UV) region. Therefore, the Ce**/
Eu?"-Yb*" couple is an ideal NIR QC system as a solar spectral
converter for c-Si solar cell [31-36], as shown in Fig. 1, it depicts
the broad band absorption and narrow band emission process,
and the mismatching between the solar spectra and the Silicon
response.

In this paper, photoluminescence (PL) of BaGd,ZnO5:Yb>* pre-
pared via sol-gel method was researched through the emission
spectra, excitation spectra and energy level diagram. According
to the obtained data, we believe that the energy transfer from
BaGd,ZnOs host to Yb®" occurs. The excitation spectra can be
widened by introducing Ce3* ion. BaGd,ZnOs: Ce>*, Yb** can be
used to improve the efficiencies of silicon solar cells.

2. Experimental
2.1. Sample preparation

To study down-shifting of the phosphors, BaGd,ZnOs: Ce3*, Yb>*
were synthesized via sol-gel method. Firstly, GdA(NOs3)s3, Ce(NOs3)4
and Yb(NOs); are obtained with HNOs;, Gd,03 (99.99%), CeO,
(99.99%) and Yb,05 (99.99%). The redundant HNO3; was removed
by heating and evaporation. Then, Ba(NOs),, Zn(NOs),-6H,0 and
above-mentioned nitrate solutions are dissolved in de-ionized
water and stirred until solution settles. Subsequently, the citric

acid and ethylene glycol are added into the mixture (the molar
ratio of the metal, citric acid and ethylene glycol is 1:1:2) and thor-
oughly stirred for 1.5 h at 70 °C. The mixture is heated for 16 h at
80 °C in a vacuum oven. The polymeric foam obtained is slowly
heated to 400 °C for 2 h in the muffle furnace to decompose the
organic material. After being ground adequately with the mortar,
the powder is heated at a temperature up to 1200 °C for 2 h.
Finally, the powder is taken out and ground again, and BaGd,ZnOs:
1 mol%Ce>*, x mol%Yb>* (x =0, 1) were obtained. The sol-gel syn-
thesis process of BaGd,ZnOs has been given in our previous paper
[37]. BaGd,ZnOs doped with x%Yb** (x=0.1, 0.5, 1, 3, 10, 30) as
well as BaGd,ZnO0s: 1%Er>", x%Yb>* (x = 0, 1, 5) were prepared with
the same method.

2.2. Characterization

X-ray diffraction (XRD) is carried out in the 20 range of 20°-80°
using a Bruker D8 advance X-ray diffractometer (Bruker Optics,
Ettlingen, Germany) with Cu Ko radiation. The morphology and
the size of the obtained samples were observed with field
emission-scanning electron microscopy (FE-SEM, JSM-6700F,
JEOL). The emission spectra and excitation spectra were measured
by the combined time resolved and steady state fluorescence spec-
trometers (FLS920, Edinburgh Instruments) equipped with two
photomultiplier tubes (PMT) (Hamamatsu R928P and a nitrogen
cooled (77 K) R5509-73), as well as continuous wavelength
450 W ozone free xenon (Xe) lamp as excitation source.

3. Results and discussion
3.1. Crystal structure

The SEM image of the BaGd,ZnOs is shown in Fig. 2. It can be
seen that the nanoparticles have the same rod-like morphology
and sizes. The average diameter of the nanoparticles is about
500 nm. Fig. 3 displays the Rietveld refinement plot with the
XRD pattern of BaGd,ZnOs: 1%Er®*, 5%Yb>* Phosphor. This
indicates that no impurity phase is presented in the as-prepared

S ——
L D3

4f-4f

Energy (cm™)

250 500 750 1000 1250

1500 1750 2000 2250 2500
A/nm

Fig. 1. The solar radiation spectrum, polycrystalline silicon (Poly-Si) and monocrystalline silicon (Mono-Si) solar cell spectral response curves, RE ions sharp line spectra and
broadband spectra; Inset gives the corresponding energy level of RE ions. (The data are from our previous work [37]).
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Fig. 2. The SEM micrographs of the BaGd,ZnOs sample with different amplification factors.
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Fig. 3. Final Rietveld refinement plots of BaGd,ZnOs: 1%Er®*, 5%Yb**. Small circles (o) correspond to experimental values, and the continuous lines, the calculated pattern;
vertical bars (]) indicate the position of Bragg peaks. The bottom trace depicts the difference between the experimental and the calculated intensity values. The inset is crystal

structure of BaGd,ZnOs seen from the c axis.

powders and the host crystal structure is not changed by doping
Er** and Yb3*. The inset in Fig. 3 shows the crystal structure
schematic of BaGd,Zn0Os seen from the c axis, which belongs to
the orthorhombic structure. The fractional atomic coordinates for
BaGd,ZnOs: 1%Er", 5%Yb>" are reported in Table 1. The crystallo-
graphic data, experimental details of X-ray powder diffraction,
and Rietveld refinement data for BaGd,ZnOs: 1%Er>*, 5%Yb3* are

Table 1
Fractional atomic coordinates for BaGd,ZnOs: 1%Er®*, 5%Yb>* obtained from the
Rietveld refinement using X-ray powder diffraction data at room temperature.

Atom Site X y z Occupancy
Ba 4c 0.89927 0.93283 0.25000 0.500
Gd1 4c 0.07806 0.26460 0.25000 0.500
Gd2 4c 0.39800 0.03510 0.25000 0.470
Yb 4c 0.39800 0.03510 0.25000 0.025
Er 4c 0.39800 0.03510 0.25000 0.005
Zn 4c 0.81151 0.67221 0.25000 0.500
01 8d -0.12394 0.34926 -1.13184 1.000
02 8d 0.34587 0.41828 0.48915 1.000
03 4c 0.16410 0.76362 0.25000 0.500

reported in Table 2. From this table, the lattice constants of
BaGdyZnOs: 1%Er**, 5%Yb®" are: a=7.148A, b=12478A,
c=5.767 A and V=514.39 A%, which is slightly smaller than that

Table 2
Crystallographic data, experimental details of X-ray powder diffraction and Rietveld
refinement data for BaGd,ZnOs: 1%Er>*, 5%Yb>*.

Formula BaGdo.94Ero.01Ybo.0sZn0s
Radiation type Cu Ko
20 range/° 20-80
Symmetry Orthorhombic
Space group Pbnm
alA 7.1480
b/A 12.4780
c/A 5.7673
Volume/A3 514.39
z 4
Rbragg (%) 7.81
Rp (%) 17.5
Rup (%) 13.1
Rexp (%) 9.08
2

X 3.18
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of the blank BaGd,ZnOs. This is attributed to the replacement of
Gd3* ions by Er** and Yb** ions, which have smaller ion radii.
The final agreement factors are shown in Table 2: Rgage(%) = 7.81,
Rp(%) = 17.5, Ryp(%) = 13.1, Rexp(%) = 9.08 and x? = 3.18. It indicates
that the refinement results are good.

3.2. Fluorescence spectra

Fig. 4 (B) shows the emission spectra of BaGd,ZnOs: x%Yb>*
(x=0.1, 0.5, 1, 3, 10, 30). With increasing Yb>* ion concentrations,
the luminescence intensities of emission spectra increase, and the
luminescence intensity is the strongest when Yb®* concentration
reaches up to 1%. When increasing the concentration of Yb>* from
1% to 30%, the emission intensities gradually decrease because of
concentration quenching, which is shown in Fig. 4(C). Furthermore,
the excitation spectra of BaGd,ZnOs: x%Yb*" (x=0.1, 0.5, 1, 10, 30)
are also measured, as shown in Fig. 4(A), and the variety of the
luminescence intensity is the same as the emission spectra. It is
worth mentioning that when the samples are excited with
274 nm light, no other emission is found expect for 977 nm emis-
sion, which can be attributed to 2Fsj, — *Fy/, transition of Yb** ion.
The excitation spectra monitored at 977 nm have two peaks
located in 261 nm and 274 nm, respectively. The peak of 274 nm
can be ascribed to the transition of 8S;, — °l; of Gd** ion. If one
photon from 8S;, level of Gd** ion translates energy directly to
2F5j, level of Yb®" ion, three photons can be generated and the
IQE can be up to approximately 300%. However, the luminescence
lifetime of Gd>* cannot be measured, so we cannot prove the three-
photon process. The peak of 261 nm can be ascribed to the charge-
transfer state absorption of Yb*, which involves the transfer of an
electron from the surrounding 2p® orbital of 0%~ to the 4f' orbital
of Yb** [35,38]. The energy transfer from the BaGd,ZnOs host to
Yb** is proved by the excitation and emission spectra.

Yb3* doped BaGd,ZnOs can transform UV-light into near-infra-
red light, which can be used to improve the efficiencies of silicon
solar cells. The energy transfer (ET) efficiency is an important
parameter. To illustrate the ET efficiency, Er** ion is introduced
into Yb** doped BaGd,ZnOs because “I;4); level of Er** ion is reso-
nance energy level with %Fs; level of Yb*" ion, as shown in Fig. 5.
The down-conversion ET from Er** to Yb>* has been reported in
many literatures [15-18], and the ET efficiency is very high.
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Fig. 5. The resonant energy level of Er** (*I;1) and Yb*" (*Fs)y).

Fig. 6 shows the emission spectra of BaGd,ZnOs: 1%Er*,
x%Yb**(x=0,1). Compared with the singly Er-doped sample, the
Er**-Yb3* codoped sample has a broader 977 nm emission peak,
which is in accordance with the typical emission peak of Yb>*.
We can obtain the ET efficiency from Gd®* ion to Yb®' ion by
comparing it with that from Er** ion to Yb>* ion. Fig. 7 shows the
excitation spectra of BaGd,Zn0Os: 1%Er** (Jem = 865 nm, Er*:%S; ),
— *32) and BaGd,ZnOs: 1%Er**, 1% Yb*" (Jem =977 nm, Yb**
2F5, — °Fy2). As is shown in Fig. 7, the peaks around 378 nm
(*G11j2), 521 nm (*Hy1p2) and 652 nm (*F,) are the characteristic
excitation peaks of Er** through the excitation spectra of BaGd,
ZnOs: 1%Er>*. From the excitation spectra of BaGd,ZnOs: 1%Er",
1% Yb>*, we can find that the luminescence intensity excited by
274 nm is much stronger than those of 378 nm, 521 nm and
652 nm, so it proves that the ET from BaGd,ZnOs to Yb** is
effective.

From Fig. 4, the energy transfer form Gd3* to Yb®>" has been
proved, and it may be a three-photon process. So, the energy trans-
fer mechanism from BaGd,ZnOs to Yb>* can be described as Fig. 8.
Gd** ion absorbs a 274 nm photon by the transition from #S;, to
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Fig. 4. (A) Excitation spectra of BaGd,Zn0Os doped with x%Yb>* (x=0.1, 0.5, 1, 10, 30), (B) emission spectra of BaGd,ZnOs doped with x%Yb®* (x =0.1, 0.5, 1, 3, 10, 30) and (C)

the relationship between the luminescence intensity and the Yb* concentration.



Y. Yang et al./Optical Materials 42 (2015) 319-324 323

BaGd,Zn0g1 Er>* 1% Yb°o*
6 _
20x10°1 A, =521nm BaGd,ZnOg 1Er"
S 6 3+4 4
8 1.5x10 Er o s
>
3
S 6
3 1.0x10° -
=
5.0x10° 4
00 |
600 800 1000 1200 1400 1600

Wavelength/nm

Fig. 6. The emission spectra of BaGd,ZnOs: 1%Er>*, x%Yb3*(x =0, 1).
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Fig. 7. The excitation spectra of BaGd,ZnOs: 1%Er**, 1%Yb** (Jem =977 nm) and
BaGd,Zn0s: 1%Er** (Jem = 865 nm).

GIJ, and then transfers it to three Yb®* ions and emits three 977 nm
photons by ?Fsj, — 2Fy,. This ET process from Gd** to Yb*" has not
been reported in previous papers.

The method investigated here for reducing these energy losses
is via down-shifting. Yb**-doped BaGd,ZnOs is light-conversion
material for solar cell. However, only 200-300 nm light is
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Fig. 8. Energy level diagram of Gd>*" and Yb>* scheming the mechanism of energy
transfer from BaGd,ZnOs to Yb3*.
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Fig. 9. (A) Excitation spectra of BaGd,ZnOs:Ce3*, Yb®* and BaGd,ZnOs: Yb**
(Jem =978 nm), (B) emission spectrum of BaGd,ZnOs: Yb>* (Jex =274 nm), (C)
excitation spectrum of BaGd,ZnOs: Ce* (em = 603 nm) and (D) emission spectrum
of BaGd,Zn0s: Ce>* (Jex =375 nm).

transformed, which is too narrow for Poly-Si as well as Mono-Si
solar cell whose spectral response is low at the wavelength range
from 200 nm to 500 nm. It is particularly true for Ce>*, whose lumi-
nescence is linked to the chemical environment via the crystal field
directly [39]. In this paper, Ce3* ion is introduced into Yb**-doped
BaGd,ZnOs to investigate the impact of Ce>* on the excitation and
emission spectra. Fig. 9(A) shows the excitation spectra of BaGd,
ZnOs: Yb** and BaGd,ZnOs: Ce3*, Yb®>* monitored at 978 nm
(Yb** 2Fs)3 — %Fy2). As can be seen from Fig. 9(A), the excitation
spectrum of BaGd,ZnOs: Ce3*, Yb*" is clearly different from that
of BaGd,ZnOs: Yb3*. First, the characteristic excitation peak of
Gd>* at 274 nm is vanished with the introduction of Ce>* ion. Sec-
ond, a new broad-band absorption, whose peak located at 312 nm
covering from 230nm to 400 nm, appears in the excitation
spectrum of BaGd,ZnOs: Ce3*, Yb®*. Fig. 9 (B) shows the emission
spectrum of BaGd,ZnOs: Ce**, Yb** (Jex=312nm), and only a
emission peak at 978 nm is obtained, which can be attributed to
2F5j, — °F;), transition of Yb** ion, no other emission peaks are
found. To further analyze the effects of Ce®>" ion on the excitation and
emission spectra, Ce>* doped BaGd,ZnOs was synthesized for pur-
poses of comparison. Fig. 9(C) and (D) show the excitation and
emission spectra of Ce>* doped BaGd,ZnOs, respectively. The char-
acteristic excitation peak of Ce3* is around 375 nm monitored at
603 nm, which does not overlap with that of BaGd,ZnOs:Ce>",
Yb>* monitored at 978 nm. Furthermore, when excited by
312 nm the characteristic emission peak of Ce3* ion around
603 nm is not observed in the emission spectrum of BaGd,ZnOs:
ce®*, Yb®. It indicates that there is no ET from BaGd,ZnOs host
to Ce®" and the excitation spectrum from 230 nm to 400 nm in
BaGd,ZnOs: Ce3*, Yb®* is not from Ce3* jons.

4. Conclusion

In this work, the samples were prepared via the sol-gel method.
The structures of the samples have been proved by the XRD. The
emission spectra and excitation spectra were measured and inves-
tigated to prove the occurrence of ET from BaGd,ZnOs5 samples to
Yb3*, which subsequently led to the 977 nm near-infrared emis-
sion. The excitation spectra of BaGd,ZnOs doped with Er®* and
Yb3* were measured, and it is proved that the ET from BaGd,ZnOs
to Yb3* is effective. A surprising luminescence of BaGd,ZnOs doped
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with Ce®* and Yb3* is also investigated. With the addition of Ce3*, a
red shift of excitation spectrum occurs, and a broadband excitation
spectrum from 230 nm to 400 nm with the peaks at 261 nm and
312 nm is obtained. Because of this amazing phenomenon, this
material can be better applied into improving the efficiency of
the solar cells.
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